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DUNE : Deep Underground Neutrino Experiment
-LAr: LAr TPC, 147 tons

LBL experiment with a baseline of 1300 km
(Fermilab to South Dakota).
DUNE will study v,, — v; oscillation.

source to FD =~ 1300 km
FD: 40 kton LArTPC

DUNE will use a v, beam provided by the LBNF
Facility, with a small v, contamination.

A © \ ‘,
09/29/21

The capabilities of the DUNE ND’s LArTPC + intense neutrino flux from LBNF (1.2 MW) + the short
baseline of 574 m — great setup for a sterile neutrino search.

Liquid Argon Time Projection Chamber
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Introduction

Objectives of the analysis

Main objective 1

DUNE Neutrino Flux

=]

« Distance from neutrino source to DUNE ND is 574 m — In a 3- 007 ': . .
flavor oscillation model, no v, should be present at the DUNE ND. E — T production possible
+ Study of the eventual v, that we may have in the DUNE ND that 006;— E
comes from short baseline oscillations, in a sterile neutrino 5 00sFd |
framework. f\; “F E
« Evaluate the v, appearance sensitivity of DUNE ND by studying v, Z 004F !
CC interactions. % 003; v T Optimized flux
5 o
Oscillation probability .02 —  CP optimized flux
- 9 ) A'm?uL 5L’!L2<20/,¢) = <1‘U,‘4|2‘UT4‘2 0.01
Plvw—vr) m sin®(20,)sin ( 4FE ) = 05014511 (2024) 5in>(034) , |
5 10 15 25 3
. ) v Energy (GeV)
Simulation Beam configuration: higher energy neutrino beam
«  Events were generated using GENIE Neutrino event generator optimized for v, appearance in the DUNE Far
(analysis based on the truth infomation provided by GENIE). Detector.
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Signal and background separation

Transverse kinematic variables

T decay channels

Rho channel
Electron channel
Ve Vo Ve e Vi Vi

L N S '

" w+

~, Z\J
EW’ B.R.~17.83% //i\ W
A N\

\ B.R. = 25.5%
\ A /
Ar \ " \\

Ar

Vr

Ar

v, CC (T—e7) v, CC v, CC (T—p") Neutral Current

Muon channel

Y Ve

Select the v, events from corresponding backgrounds based
on their kinematic differences (similar to those used in NOMAD).

L, ! ! * In v, CCinteractions, the T will decay into some visible
ve f products and neutrinos.
h ﬁ// * The neutrinos take away some energy, use missing
/\ energy to differentiate.
Ar * ROOT TMVA : Machine Learning algorithm (Boosted
Decision Tree Gradient - BDTG) to separate v, CC
Ve CC (T—p") v CC from their backgrounds.
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Signal and background separation

Transverse kinematic variables

Hadrons

N

Hadrons
Py

Pu | Tvis

D,

P

. P,
Hadron Jet

Background interaction products in

the transverse plane
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N P

P
Hadron Jet

v, CC interaction products in
the transverse plane

nput variable: Missing transverse momentum

(1/N) dN/ 0.127 Gev

Input variable: Lepton hadron angle |

o
®

12 E 3 o004 i
B =y, signal ], 8 oo " Vo signal
’% background 13 2 oo background
//4 E ;Z Z 0.025
'/‘/ 1 2 o
j sl =290

04 .2% g Toos
E% % 0.01

024 413

0 1 2 3 4 5
Missing transverse momentum [Gev]

Input variable: gtauvisible

(1/N) dN/ 0.139 Gev

mm p . signal ]
background

0 1 2 3 4 5

qtauvisible [Gev]

UO-low (S,B): (0.0,0.0)% (0.0, 0.0)%

Input variable: Missing pt and lepton angle |

Lepton hadron angle [degree]

0.018 T T T T T
5 o016 MM » . signal

5 %9“EF = background

=

00 20 40 60 80 1

00 120 140 160 180

Missing pt and lepton angle [degree]

Examples of v, signal (blue) and background (red) kinematic

variables distribution.
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Signal and background separation

e channel

Ve Ve

e VA overtraining check for classifier: BDTG Background rejection versus Signal efficiency

Ve £, R Signarhstsample) "7 T Sk Graifing Samfie)” T
z H77)) Background (test sample) * Background (training sample) 8
w+ ;Z?\ 3.5 FRolmogorov»Smirmov test: signal (background) probability = 0.032 (0.504) 3 Electron channel
< - B
= 3£ Electron channel E
25 ; gu
Ar E s 3
2 s A
v, CC (tT—e") s k. =
Ve e D
1
o1 MVA Method: "
0.5 /")‘-.ﬁ - BDTG 4
0 / v | | 1 | 1 1 Il 9
i -0.8 -0.6 -04 -02 U 0.6 0.8 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
w BDTG response Signal efficiency
Reasonable separation of the v, CC from their main backgrounds.
Ar
v, CC

09/29/21 Miriama Rajaoalisoa | Search for anomalous tau neutrino in the DUNE Near Detector l((_[' aﬁs&‘}f\lNAﬂ



Signal and background separation

Muon channel

First, created a classifier that separates muon and pions. u~ loses energy via Multiple

Ve o ve Coulomb scattering whereas 1~ loses energy via Coulomb scattering + Hadronic scattering.
i (Classification using a Recurrent Neural Network).

T
L
Vi, / Classify v, CC (t—u~) and v, CC using transverse kinematic differences.
<
(-
i TMVA overtraining check for classifier: BDTG

AR S ooty ™ T T T % Sighal e sty ™

round (test sample) * Background (training sample)

09

Muon Channel

ImogorovSmimov test: signal (background) probability = 0.024 (0.382)

Muon Channel

0.8

(1/N) dN / dx

v, CC (t—pu7)
0.7

Background rejection

RN LR R R RN RARARRRARR R RARARRRRRRRRE:

Vi u 0.6
0.5
YUNI nulation \
W 0.4 : B
MVA Mettiod: HTogsIe
L BDTG ]
02 i i i i i i i i L d
Ar 0 02 04 06 08 0 01 02 03 04 05 06 07 08 09 1
BDTG response Signal efficiency
v, CC

Reasonable separation of the v, CC from their main backgrounds.
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Signal and background separation

Rho channel

- Yr

Steps:

v, CC(t—p7)
Vi Vi .
70
Ar

Neutral Current

09/29/21

develop a p selector, then

develop a classifier that separates NC
events from v (T—p7).

Signal (true p)

p~—>n + 0% n°%- 2y

Background (false p)
any * + 0 pair that
doesn’t come from a true p~
from the hadronic system or
T decay.

TMVA overtraining check for classifier: BDTG

5o F Simarhstsample) T T Sghal lraiing sampl) 1 ! T !
z . Background (test sample) * Background (training sample) § 09 . -
2 ogorov Smimov et sigal (background) probabily = 0489 (0.116) 5 Rho selection
= 7E Rho selection 2 o
6 2 07F
5
£ 3 g F.. MVA Method
a BDT
4 0.5 oo BDTG
3 MLP
5 H 04 s DNN: CPY
2 B E—— KNN
1 H 03 B Likelihood
o Bl ~ S abddididind |
0.8 0.6 04 0.2 0 02 0.4 0.6 08 1 0 0.1 02 03 04 0.5 0.6 0.7 0.8 0.9 1

Background rejection versus Signal efficiency

BDTG response

TMVA overtraining check for classifier: BDTG

Signal efficiency

Background rejection versus Signal efficiency

% 1% [T Sighal oot sabpiey 1| |+ Sighal (wanng sk’ ] 5 'F T
zZ (test sample) | | + ining sample) 7 B osf - N
3 e = womy-ors0sen | & [ Vr selection (Rho channel \\
s | F] 08 [
" p, selection (Rho channel) . \
8f - \
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6F S t
?\ 05 [
» j Si [ MVAMethod il .
Hl ' 04l BDTG )
2 2 f—— MP 1 S
% H 03— DNN_CPU 3
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BDTG response
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Sensitivity evaluation

Smearing effect

Smearing

To evaluate selection efficiencies and sensitivity, the case where some smearing is applied to the final state particles 4-momentum
was also considered.

Case 1 - without smearing — In the first case, no smearing was applied to the particles four-momentum but only particles above
a certain kinetic energy threshold were considered.

« protons : above 50 MeV. Species Threshold [MeV] Energy Angular

* photons : above 30 MeV. Resolution Resolution [deg]

* pions : above 20 MeV. p 50 + 60 MeV +5

* no neutrons.

- 20 +10% +2

Case 2 - with smearing — In addition to the Y 30 +10% +5
kinetic energy tlhresholdslabove, energy and e~ +10% +2
angular resolution smearing applied to - "
particles 4-momentum. H + 10% =5

Table : Smearing values based on LArTPC performance in the MicroBooNE Experiment
(arXiv:2012.09788v3)

In both cases, a systematic uncertainty of 10% was taken into account.

University of
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Sensitivity evaluation

Individual channel

Sensitivity — based on event counting.

All events were normalized such that they would correspond to a 1.1e21 P.O.T. and a 67t fiducial mass.

FOMsysts =

s

V(s + b) + (0.1*(s+b))2

Event cuts — region with almost no backgrounds, events scoring a very high BDTG score were selected.

Electron channel, 1.1e+21 POT, 67t Fiducial Mass’

DUNE 90% CL, 10% systs, no smearing

DUNE 90% CL, 10% systs, with smearing
NOMAD 90% CL

10° L A . L L

PTTTT R

RO I 1|

10° 104 107 Si(20,) 107 10
Electron channel — select events with

v, BDTG score > 0.995 (non smeared)
v, BDTG score > 0.9963 (with smearing)

09/29/21

T lwml’

Muon channel, 1.1e+21 POT, 67t Fiducial Mass
— DUNE 90% CL, 10% systs, no smearing
—— DUNE 90% CL, 10% systs, with smearing
—— NOMAD 90% CL

cool bl Al vl

Muon channel — select events with
v, BDTG score > 0.995 (non smeared)

v, BDTG score > 0.9963 (with smearing)

A (V)

Rho channel, 1.1e+21 POT, 67t Fiducial Mass
DUNE 90% CL, 10% systs, no smearing
DUNE 90% CL, 10% systs, with smearing
NOMAD 90% CL
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10 10° sm"(ZW“) 10 10"
Rho channel — select events with

v, BDTG score > 0.99 (non smeared)
v, BDTG score > 0.992 (smeared)
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Sensitivity evaluation

All channels
E T T T TTTTIT T T T TT1IT T T T TTIT T T T T1T1T1T1H
Combined channels E 3
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&’/ 1  S—
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Conclusion

Classification using kinematic variables in the transverse plane enables a reasonable separation of the v, signal and
background.

With high BDTG score cuts (region with almost no background) and high-energy beam configuration, DUNE will
potentially have leading sensitivity to anomalous short-baseline nutau appearance.

Next steps

+ Consider the other hadronic decay channels such as the single pion channel.

« Compare results obtained using GENIE Monte Carlo Generator with GiBUU.

+ Determine differences using different T decayers such as TAUOLA (takes into account the T polarization).
*  Work on more realistic reconstruction.

University of

09/29/21 Miriama Rajaoalisoa | Search for anomalous tau neutrino in the DUNE Near Detector l((_[' CINCINNATI



Thank you for your attention!
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Backup Slides
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Backup Slides

» Electron channel

Efficiency

v, CC (t" — €) selection efficiency

—— Efficiency without smearing

——— Efficiency with smearing

30 40 50
v, energy (GeV)
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Efficiency

> Muon channel

v, CC (T — W) selection efficiency

Efficiency without smearing

—— Efficiency with smearing

PRI RS S
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Backup Slides

» Rho channel v, CC (t — p) selection efficiency NC background rejection
E 0.014
0.45F L
045— 0.012
035E 0.0t
0.3 r
E 0.008\—
0.25F F
0.2 0.006]
E Efficiency without smearing F Efficiency without smearing
019 E Efficiency with smearing 0,004 Efficiency with smearing
0.1 F
F 0.002
0.05F F
S IR ARV I A B ol b b e e L
0 10 20 30 40 50 60 0 10 20 30 40 50 60
v, energy (GeV) v energy (GeV)
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Unosc v,s / m/ POT

Backup Slides

numu_flux

umu_flux

Mean
Std Dev

Enlies  1.261472e+07

6306
4784

60 80 100
v, Energy (GeV)

v, flux (unoscillated v, per meter squared, per proton
on target)
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Unosc v,s / m?/ POT
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» Optimized flux for v, appearance in the DUNE Far Detector (Higher energy flux)

nue_flux
%10 nue_flux
0.25(— Entries 321443
‘ Mean 8.422
= Std Dev 7.009
02 J
015— Lj\‘
01H ‘
w\\ W
0.05 L ’L :
c I
ol | il e IR [ IR [
() 20 40 60 80 100

v, Energy (GeV)

v, flux (unoscillated v, per meter squared, per proton
on target)
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Backup Slides

Leptonic channels

*  Missing transverse momentum PSS,

* Angle between the transverse hadronic system momentum and transverse lepton (tau visible product) momentum
Pin-

* Angle between the missing transverse momentum and transverse lepton (tau visible product) momentum @,,;.

» Lepton transverse momentum PIT.

* Hadronic system transverse mometum Pél.

» Lepton (tau visible product) energy E;.

. . s vis
Total visible energy ETuml.

* Transverse mass M .

» Angle between the neutrino direction and missing transverse momentum 6,,,,,.

» Angle between the neutrino direction and the hadronic system 6.

» Angle between the neutrino direction and the lepton (tau visible product) 6,,;.

» Ratio between the hadronic system and the total visible energy.

»  Component of the lepton (tau visible product) momentum perpendicular tot the total visible momentum.
» Ratio of the transverse lepton (tau visible product) momentum and the missing transverse momentum.

University of
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Backup Slides

Rho classification

+ Energy of the 1%/ m* couple.

» Energy of the rr*.

* Invariant mass of the pion.

+ Invariant mass of the 1°.

ER

; ; K
» Pion energy sharing ry; K ERK
us + 110

+ Distance invariant mass and mass d = \/(Mggu) - myo)? + (MS”V) - mp)?.

+  Angle between the * and m°.
« * momentum.
+ 7% momentum.

Rho channel vs NC classification

» All previous variables including those used for the leptonic channels.
* Minimum angle between the tau visible daughter and the hadronic system.
» Ratio between the transverse size of the hadronic system and the full event.

University of
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